UNIVERSITY OF ILLINOIS 
ENGINEERING EXPERIMENT STATION 
BULLETIN SERIES No. 328 


A STUDY OF THE PLATE FACTORS IN 
THE FRACTIONAL DISTILLATION 
OF VIE ETHYLALCOHOL— 
WATER SYSTEM 


BY 


DONALD B. KEYES 
PROFESSOR OF CHEMICAL ENGINEERING 


AND 


LEONARD BYMAN 


SpeciAL ResearcH ASSISTANT IN CHEMICAL ENGINEERING 


PUBLISHED BY THE UNIVERSITY OF ILLINOIS 


Price: Seventy Cents 


CONTENTS 


I. INTRODUCTION 
1. Objects of Investigation 
2. Work of Previous Investigators 
3. Theoretical Considerations . 


4. Acknowledgments 


Il. EXPERIMENTAL WoRK . 
5. Apparatus 
6. Procedure 
7. Results 


III. Discussion or RESULTS 


8. General Discussion 


9. Overall Murphree and Local Plate Efficiencies 
10. Influence of Reflux Ratio and Vapor Rate 
11. Plate Efficiencies in Terms of Liquid Compositions 


12. Influence of the Physical Properties of the Liquid . 


IV. SuMMARY 


APPENDIX 


1. Physical Data for Ethyl Alecohol-Water Mixtures . 


2. Bibliography . 


NO. . 

. Relationship Between H and E, 

. Relationship Between # and E, 

. Apparatus Assembly 

. Plate Details 

. Vapor—Liquid Equilibrium Relationship ea ve Baers Comecion tou ve 
}. Plate Efficiencies, R = 
. Plate Efficiencies, R = 
. Plate Efficiencies, R = : 
. “Liquid” Plate Efficiencies, i= 
. “Liquid” Plate Efficiencies, R = 
. “Liquid” Plate Efficiencies, R Ses 
. Comparison of Overall Murphree Efficiencies 


or WN 


oF WN HF 


LIST OF FIGURES 


NB Nw pet 
nN oN 
roa g 


a) 
oN 


ll 
Nee 
DN 


. Comparison of Local Plate Efficiencies 

. Overall Murphree Efficiency of Top Plate 

. Plate Efficiencies and Physical Properties of Ethyl Aloohol_ Water ie 
. Plate Efficiency as Function of Slope of Vapor—Liquid Equilibrium Curve 
. Viscosity of Ethyl Aleohol-Water Mixtures 


LIST OF TABLES 


. Summary of Experimental Results aw 

. Plate Efficiencies in Terms of Liquid Compositions 

. Viscosity and Surface Tension of Ethyl Aleohol-Water oe 
. Physical Data (Ethyl Aleohol-Water) 

. Physical Data (Ethyl Aleohol—Water) 


PAGE 


12 
13 
18 
21 
36 
40 
41 
41 
42 
43 
43 
47 
47 
48 
50 
51 
52 


PAGE 


27 
44 
53 
56 
58 


AS STUDY OFTHE PEATE FACTORS 
IN THE FRACTIONAL DISTILLATION OF THE 
ETHYL ALCOHOL-WATER SYSTEM 


I. InrRopucTION 


1. Objects of Investigation —The importance of fractional distilla- 
tion as a unit operation of chemical engineering is well known. It 
is also common knowledge that, at the present time, a fractionating 
column cannot be satisfactorily designed because individual plate 
efficiencies cannot be determined until the column is actually built 
and operated. This investigation was undertaken essentially in order 
to add to the knowledge of the effect of certain factors on plate 
efficiencies with particular reference to the ethyl aleohol-water sys- 
tem and to the bubble-cap plate. 

The binary system, ethyl aleohol-water, was chosen for the in- 
vestigation because of its commercial importance and because its 
physical properties are well known. 

The primary aims of this investigation comprised, first, the de- 
velopment of an experimental procedure by which plate efficiencies 
might be determined directly from samples of both vapor and liquid 
streams; second, the determination of the effect on plate efficiencies 
of variations in liquid composition, particularly at very low and at 
high compositions, in vapor velocities below the point of entrain- 
ment, and in reflux ratio; and third, an evaluation of these influences 
in terms of the physical properties involved. 


2. Work of Previous Investigators—As Underwood'** has men- 
tioned in his survey of the field, fractional distillation has been 
quantitatively investigated by many contributors to the literature. 
The simplest example of fractionation, that of binary mixtures, 
has naturally received most attention. Although mixtures in mod- 
ern practice are usually more complex, the study of binary systems 
has revealed a number of principles which are capable of general 
application. 

Sorel! suggested a method of calculation, using as a basis an 
ideal column in which the vapor and liquid on each (theoretical) 
plate were assumed to be in complete equilibrium. This algebraic 
method, like the graphical methods of Ponchon? and Savarit’, took 
into account the variations in reflux through the column due to the 


*Index numbers refer to items in bibliography. 
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changes in temperature from plate to plate and the differences in 
latent heat and heat of mixing. Other graphical procedures have 
been proposed, principally by MeCabe and Thiele’, and by Fouché? 
and Thormann", which make the generally justifiable assumption 
of constant molal reflux. More recently, Underwood" has suggested 
an analytical method of value in the ranges of composition where 
use of the graphical schemes becomes tedious and inaccurate. 

The concept of the theoretical plate has not offered a satisfac- 
tory basis of calculation for multi-component rectification and for 
the fractionation of binary mixtures when the plate efficiency is low. 
Considering rectification as primarily a diffusional process, Murphree’ 
proposed an individual plate efficiency equal to the ratio of the actual 
enrichment of the vapor in passing through the plate to the ideal 
enrichment which would be effected if the vapor rising from the 
plate were in equilibrium with the liquid leaving. The use of the 
Murphree efficiency in the graphical calculation of fractionating 
columns has been described by Baker and Stockhardt®. 

Although the published results of determinations of plate effi- 
ciency and of its variation with plate design, column operation, and 
system studied are often contradictory, the findings of certain in- 
vestigators are both interesting and important with regard to the 
present work. 

Peters’, in the rectification of ethyl aleohol—water mixtures, found 
that the efficiency decreased as the concentration of the ethyl alcohol 
was increased. The efficiency was about the same for sieve plates 
and bubble-cap plates with equal depths of liquid and equal areas 
of slots and perforations. Shirk and Montonna?® found that the 
plate efficiency with constant reflux ratio decreased almost linearly 
as the rate of distillation increased. When the rate of distillation 
remained the same, the plate efficiency increased almost linearly 
with the reflux ratio expressed as L/(V —L). Carey, Griswold, Lewis, 
and McAdams", in considering the bubble-cap fractionation of ethyl 
alcohol-water mixtures, found that the efficiency increased as the 
submergence of the slots was increased, but was independent of the 
rate of distillation. Gadwa*, investigating the rectification of several 
binary systems in a column whose principal dimensions were iden- 
tical with those of the apparatus used in the present work, concluded 
that the plate efficiency was substantially independent of concen- 
tration and, so long as foaming and entrainment did not occur, was 
also unaffected by changes in vapor velocity. Uchida and Matsu- 
moto”*, in rectifying mixtures of methyl alcohol and water, and ethyl 
alcohol and water, in a bubble-cap column, found that the plate 
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efficiency was essentially independent of vapor velocity, reflux ratio, 
and liquid composition. 

Peavy and Baker*® found that the plate efficiency was inde- 
pendent of reflux ratio. At low rates of distillation, the efficiency 
increased with vapor velocity and then remained constant over a 
considerable range, dropping off as entrainment became pronounced. 
In the rectification of mixtures of ethyl alcohol and water, and ben- 
zene and toluene, Rhodes and Slachman*! found that the Murphree 
efficiency did not vary with composition and was substantially inde- 
pendent of the rate of distillation. Kirschbaum!8, rectifying ethyl 
alcohol-water mixtures in a sieve plate column, found that the plate 
efficiency diminished with decreasing reflux ratio, and varied with 
composition, reaching a maximum at about 40 mole per cent. Ina 
more recent study of the fractionation of the same binary system 
in a bubble-cap column, Kirschbaum* indicated that the plate effi- 
ciency was independent of reflux ratio and fell off only slightly with 
increasing rate of distillation (in the absence of entrainment). In 
this case also, the Murphree efficiency varied with concentration, 
but the maximum was reached at about 60 mole per cent. 

Important factors which might influence the performance of the 
individual plates and which can be determined in advance have been 
discussed by Keyes**. 


3. Theoretical Considerations.— Rectification is essentially a process 
of interaction between vapor and liquid phases of a given system, 
involving both heat and material transfer. On the one hand, the 
process may be considered one in which portions of the vapor, in 
passing upward through the column, condense in the liquid stream, 
liberating heat which yields equivalent quantities of vapor con- 
taining increasingly higher concentrations of the more volatile con- 
stituents. On the other hand, fractional distillation may be assumed 
to be primarily a diffusional process, similar to absorption and ex- 
traction. The material transfer involves, in the simplest case of a 
binary mixture, the diffusion of the more volatile constituent into 
the vapor stream and of the less volatile component into the liquid 
stream. It seems probable, however, that the resolution of the 
problem into one or other of these basic concepts is unnecessary. 
The correlations of Chilton and Colburn?” have indicated that those 
factors which govern material transfer in diffusional processes should 
have a similar control over heat transfer in like systems. These con- 
clusions are borne out for bubble-cap fractionation, in some measure, 
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by Carey’s investigation of the “temperature efficiency” and its 
relation to the Murphree plate efficiency. 

Kirschbaum! *5, among others, has demonstrated the existence 
of stratified zones of vapor—liquid interaction in the operation of 
bubble-cap and sieve plate columns. The vapor first rises through 
the agitated liquid flowing across the plate and then comes into 
successive contact with a layer of foam or froth and a region of 
spray, consisting of liquid droplets thrown upward by the force of 
vapor passing through the bell-slots or plate perforations, or carried 
upward by the vapor stream. Despite the lack of definitive data, cer- 
tain presumptions may be made regarding the relative importance 
of the zones of contact mentioned. 

At low rates of distillation the upper zone of spray is absent. As 
the vapor velocity is increased, spray develops in increasing amounts. 
Unless the plate spacing is unusually large, the increase in height of 
this zone results in entrainment, even at moderate velocities. It 
may then be expected that the vapor-—liquid interaction through the 
relatively small surface area of these droplets, under ordinary con- 
ditions of column operation, can result in only a small fraction of 
the total material transfer. 

Carey, Griswold, Lewis, and McAdams", and Robinson and Gilli- 
land** have suggested that rectification in plate columns is primarily 
a result of the interaction between the vapor bubbles and the liquid 
through which they rise. Keyes** and Sherwood***, on the other 
hand, have proposed that most of the interphase transfer takes place 
as the vapor bubble is formed and during its release in the constantly 
breaking surface of the liquid stream. At the moderate rates of dis- 
tillation commonly used in practice, the line of demarcation between 
the body of agitated liquid on a plate and the foam above it is in- 
definite, and frequently absent in sieve plate fractionation. In either 
case the process is one of material transfer by diffusion through phase 
boundaries and should be subject to the analysis applied to liquid— 
gas absorption. 


Nomenclature 


In the theoretical discussion the following nomenclature will be 
used: 


eS 
I 


area of vapor-—liquid contact per mole vapor or liquid, 
sq. em. 

C1, C2 = constants in linear equations 

= diffusivity, em.?/sec. 


S 
| 


SS SS See eS eS Sess 
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local or point efficiency in terms of vapor compositions 

overall Murphree efficiency in terms of vapor compositions 

local plate efficiency in terms of liquid compositions 

overall Murphree efficiency in terms of liquid compositions 

coefficient of mass transfer, g. moles/(sq. em.) (sec.) 

molal quantity of liquid reflux (referred to V) 

slope of vapor—liquid equilibrium curve, dy*/dz 

molal rate of material transfer, g. moles/(sq. em.) (sec.) 

partial pressure of diffusing component in vapor phase, atm. 

total pressure, atm. 

reflux ratio, L/V or Le/Vo 

gas constant, (cc.) (atm.)/(g. mole) (deg. K.) 

absolute temperature, deg. K. 

molal quantity of vapor used as a basis of calculation 

distance along plate in direction of liquid flow, em. 

total length of liquid path on plate, em. 

composition of liquid, mole fraction of diffusing or volatile 
component 

composition of liquid in equilibrium with vapor leaving, 
mole fraction 

composition of vapor, mole fraction of diffusing or volatile 
component 

average composition of mixed vapors rising from plate, 
mole fraction 

composition of vapor in equilibrium with liquid leaving, 
mole fraction 

thickness of vapor or liquid film, cm. 

time of vapor-—liquid contact, sec. 


Subscripts 


at vapor-liquid interface 

per mole of liquid or in terms of liquid concentrations 
plate under consideration 

plate next above n-th plate 

plate next below n-th plate 

overall (Murphree plate efficiency) 

per mole vapor or in terms of vapor concentrations 

in terms of liquid compositions (plate efficiency) 

per unit time 
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Murphree Plate Efficiency 


The derivation of the Murphree plate efficiency’ may be con- 
sidered a development of the diffusional concepts later outlined by 
Lewis and Chang”, and Kirschbaum”. For purposes of simplified 
discussion, it is well to confine attention to a single step of con- 
tinuous rectification, such as may exist on a bubble-cap or sieve plate 
operating under steady conditions. The mixing of the liquid on 
the plate may be considered sufficiently complete, so that the dif- 
ferences in concentration from point to point in the liquid stream 
are negligible. 

If, as Murphree has suggested’, the solubility of the vapors in 
the corresponding liquid is high, which is true in most cases of 
commercial rectification, and, hence, the liquid-film resistance is 
low, the rate of material transfer may be expressed as***: 4 


- DyP (Oi: = {Die Ss _ 
S=GHEVAGE)- Kor 0 


By a rate balance through the plate, 


dy 
lie: = Kyay V(y* = y). 


Or, on integration, 


uF dy 
A = Kyayé 
Yn-1 y ae y 
whence - 
Ui ea ee pore 
ORS ai Yn-1 


From the definition of the Murphree plate efficiency, 


Yn ane Unt 
B= 2 
Ure ae irs ( ) 


it follows that 
EF =1 — e-Kyva9, (3) 


Certain preliminary and reasonable conclusions are suggested by 
Equation (3). The plate efficiency should increase with increased 
area and time of vapor—liquid contact, and with an increased value 
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of the overall coefficient of material transfer Ky. As Sherwood*¢ 
has pointed out, the term DyP/zy is independent of the total pres- 
sure P. Moreover, the diffusivity D varies approximately as 7%’. 
The efficiency may accordingly be expected to increase with the 
diffusivity and, to a lesser degree, with the temperature 7, but 
should decrease with increased values of vapor-film thickness zy. 

If the liquid film is of consequence, as Furnas and Taylor® have 
suggested for the case of packed-column fractionation, the rate equa- 
tion may take the form similar to that shown by Sherwood*4 


N= Ko = 0"), (4) 


For small changes of composition across a plate the equilibrium 
curve may be approximated by a straight line over the composition 
range involved. 


From Fig. 1, 
dy* Vesa ay 
= = mM. 
dx i Ge 
Hence 
e tt VAG =p) 
a a — 
do oa 
and 
iP dy Kr 
= ay 
re ORE ead m 
whence ~ : 
Yet Yn Bea 
IS 
d K, 
a jg ee ee (5) 


Under these conditions the plate efficiency should be affected by 
changes in time and area of liquid—vapor interaction to the same 
degree as before. If the resistance of the liquid film is important, 
the overall coefficient of material transfer based on liquid composi- 
tions, K,, is a function of D,/zz, and the efficiency should be in- 
fluenced by temperature to a greater extent than in the previous 
case. Moreover, the efficiency should be a function of liquid com- 
position in that it should increase with decreased values of m, the 
slope of the equilibrium curve. 
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Mole Fraction Ir Vapor 


Mole Fractiora itr Liquid 


Fic. 1. Revationsuie BETWEEN Ff AND LH, 


Robinson and Gilliland*’> have suggested that, if the main resist- 
ance to mass transfer lies in the liquid film, an equation of the type 


Ln abs. 
ig ee (6) 


Un4+1 = ne 


similar to the plate efficiency based on vapor enrichment, is a more 
suitable form. If, from the form of this equation, a derivation 
analogous to that of Murphree is inferred, it may take the following 
form: 


je eee 
a Laz 2 — x*) 


a 
and, noting that a,L = ayV, or az = es 


whence 
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Mole Fractiote tr? Vapor 


Mole Fractiorn tt Liguid 


Fig. 2. Retationsuie Between FEF anv £, 


and, since 


However, the primary assumption of liquid composition x, as a 
plate variable, is clearly incompatible with the Murphree deriva- 
tion’, so that the equations given above do not apply. If an expres- 
sion for plate efficiency in terms of the overall change in liquid com- 
position from plate to plate is desired, resort may be had to the 
relationships evident in Fig. 2. 


It is seen that 


and 
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If, as defined, 
n Yn— 
‘ea 
Ua Yn 
and 
E, = Un41 Un 
gat ete 
then (CP prs) 
E, _ Un+1 any = R - 
(tn41 od ea) Se Gr a Lae) (Yn ioe Uae) dy (Oh a Yn) 
R m 
Multiplying by R, and dividing by (yn* — yn), 
EH 
i - : 
Yn —— Yn 
H+ = 
m Yn = Yn-1 
EL 
E+ R [Soa Yn = Yn | 
ARE = Uhre OS US 
or 
E s (7 
ad R ) 
E+—(1-—- £) 
m 
Ky 
a we 
R ie 
AeA 1) Cre 
m 
Analogously, 
E, 
ge — (8) 


The preceding 


P , 
be (lea, 
m 


Local Murphree Efficiency 


discussion has assumed that the liquid on each 


plate of a rectifying column is completely mixed and that the effi- 
ciency may be based on the composition of the liquid leaving the 
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plate. In actual practice, and particularly in columns of commercial 
size, the mixing of the liquid stream flowing across the plate cannot 
be perfect and may often be very incomplete. As Kirschbaum and 
others have shown?! 6°, the values of plate efficiency exceeding 100 
per cent, which are often found in the operation of well-designed 
bubble-cap and sieve-plate columns, are to be expected. Even if 
the vapor—liquid interaction at each point is not ideally complete, 
a large portion of the vapor entering the plate must come into con- 
tact with liquid of a concentration considerably greater than that 
of the liquid leaving the plate. The result may often be a mixed 
vapor richer in the more volatile component than a vapor in theo- 
retical equilibrium with the liquid leaving. The mean concentration 
of the liquid on the plate is not ordinarily the arithmetic average of 
the end conditions, since the rate of change in liquid composition is 
greater during the earlier part of the flow than that near the exit 
from the plate®. 

Lewis’’ has suggested a mathematical relationship between the 
overall Murphree efficiency, as customarily defined by the plate end 
conditions, and the local or point efficiency. When each plate con- 
tains only one bubble-cap it may reasonably be assumed that the 
vapor entering is of uniform composition (ef. Lewis’ Case I). In the 
special case, making possible a simple analytical treatment, the liquid 
is assumed to flow across the plate in uniform streamlines with no 
mixing whatever, and the vapor to rise normal to the direction of 
liquid flow. Under fixed conditions of reflux ratio, heat input, etc., 
the liquid rate ZL across a plate and the vapor rate V up the 
column exhibit a definite relation to each other. The local efficiency 
E = (y — Yn4)/(y* — Yn) is assumed constant over the plate, 
while the equilibrium curve and operating line are straight lines of 
slopes m and R, respectively, over the short range of compositions 
involved. 

If a differential section dw of a plate n of unit width and length 
W is considered, at any point of distance w from the point of liquid 
entrance, a material balance at steady state, suggested by Sherwood 
and Reed*®, results in 


dw dw 
Lx + Vo aa Ww = Le(x of dx) + Voy Ww (9) 


whence 
dw 


Voly oa Vaya) Te = —L[pdzx. 
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From the definition of £, 


Y — Yaar = EY > ey) 


and 
dy* 
= iff) 
dx 
whence 
dw dx R dx R dy* 
a ee —LeVo =_— jeans pee = : : 
W Urs Nas EH OR = yee mE y —s yee 
On integration, a | (to bt oy 
( ; i 
w=W dw ae I 2=ty dy* OCCT 
iE Ways 10) ere eV ae A 
or 
W R se dy* 
Therefore, 


Ee hn = (10) 


Moreover, since # is constant, 


E ~ Oe Ne aeey Ze Yn ae VS 


Ye Un and A 
a Yrui ie Unt am Wren 
Ue eee a Unease Yeo 
whence 


R Peet) ees 
Fe | ee = (11) 
m Yn a bee 


If, as has been assumed, the equilibrium curve and operating 
line are straight lines for short distances, their equations (cf. Fig. 2) 
may be expressed as 


pre = MIXy, =e C1 
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and 
Y,= lanier 2. 


From Equation (10) 


* 
Una ae er 


& 
I 


ln 


Opn aa Yet 


MEn+1 Ce aon = Co 


MX + Cig liver =a. Cp 


Menai— Katyn + C1 = Co 
n 


Mk, — Rtn +4 — © 


(12) 


Scics Ul) WS Se Sls 


In E aE CE) | 


Mn — Rtn +1 — & 


Nie =a Noes | 
[bly 
Une =a Vee 
eens 1 0 — tl, — ©) 


Mint C.— Lz, —G 


Biri =a) 


Min — Ra, +1 — 


R M(2n — Ln 
= ety (13) 
mM Mn — Rt, +01 — C2 


Comparing Equation (12) with Equation (13) 


R m 
E =—ln (2 os B,—) (14) 


m 


or 
R m 
Ho= = (e"2 — 1). (15) 
m 


It must be emphasized that neither # nor EH, may be indiscrimi- 
nately applied to any practical case, and that the actual plate effi- 
ciency will ordinarily lie between the two limiting values. The overall 
efficiency EZ, may be conveniently used in design calculations, while 
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COMA E/75 Cr 


D-FPlate Ora/n Year 


L-LIGUIA Satyole 

MM- Maromerter 

S- Steav77 

7 -Thertmomerer 
TC-ThELTHOCOUWWE 
V-laoor Samole 
W-Cooltiig Water 


Overflow 
NGlit Box 


FROIQMCTECL. 


Fig. 3. Apparatus ASSEMBLY 


the local or point efficiency E is of importance in evaluating the in- 
fluence of composition on plate efficiency. 
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Il. ExperRimMENTAL WorxK 


5. Apparatus.—The apparatus used in this work and shown in 
graphical assembly in Fig. 3, comprised the following pieces of equip- 
ment: still, four-plate rectifying column, total condenser, sight-box, 
reflux and product rotameters, reflux heater, and sample cooler. 

The still or kettle consisted of a horizontal boiler of 10-in. standard 
steel pipe, 4 ft. 10 in. long. One end was closed with a welded steel 
disc, 97 in. in diameter and 14 in. thick, while the other end was 
flanged and provided with a bolted, gasketed steel plate, 16 in. in 
diameter and 34 in. thick. In the lower half of this removable plate 
were brazed three steam-heating units, each of which was a U tube 
of 14-in. copper tubing, approximately 4 ft. 5 in. long. The heating 
units were connected to a steam inlet and an outlet manifold through 
valves which permitted the easy use of all the heating surface or a 
fraction of it. The still was provided with a gage glass mounted at 
the welded end and a center drain at the bottom. The liquid leaving 
the bottom of the column through a 14-in. standard pipe U line 
entered the kettle at the top and near the welded end, as far from 
the vapor outlet as was practicable. The product portion of the 
condensate also entered the kettle at this point. The top of the 
still was provided with a filling connection, with an opening con- 
nected to a mercury manometer (essentially a safety precaution), 
and with a closed thermocouple well which extended below the sur- 
face of the boiling liquid. The vapor produced in the still was led 
to the column through a short length of 2-in. standard pipe provided 
with a closed thermocouple well. 
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Dimensions of Column 
Overall inside dimensions. .... 5in. by 9 in. by 4 ft. 11 in. high 
Number of plates. -. 2205 - sq ose ese ee | 
Bottom-of colummy;to fitstaplate de. pense ee eer TOS ae 
Distance between plates=,... ©... 41 ee eee ee bine 
Fourth plate: to-top,ot column... s.r re 16 in. 
Cross-section of free vapor spacé...........-.>. 5 in. by 5 im. 
Details of Plates and Bubble-Caps 

Number, of:eaps per plate ax. aes ee ce il 
Bubble-cap bell 

(Nor LOrstdgas)irr ae ee 3 in. O.D. by 234 in. inside height 
Vapor riser or bubble-cap chimney 

(Nos 16istdy Gas) ace ee eee 2in. O.D. by 2 in. 
Numiber.of slots-percap <s-.c 4) isc eee ie see eee 38 
Dimensions olsclote #e-.- eee oe eee 1g in. by 5¢ in. 
Plateto top of sloth .<.sie fe. nis eee 13/6 in. 
Minimum or static liquid seal above top of slot...... 13%¢ in. 
Heightroitiich=dams tsn0.2 foe eee eee eee 25¢ in. 
Height of- low dam or overflow weir................... 2 in. 
Diameter of liquid: downpipe s-. =. ..cr seen eens Lins O2D: 
Area through svwaporerisetac. sa5.2) 2s eee eee 3.14 sq. in. 
Area through annulus between vapor riser 

and: belt ee nak 6 Sie eae eee 3.26 sq. in. 
Area through slots; .. 2.4 Saison ae eee 2.85 sq. in. 
Ratio, slot area to area of free vapor space............ 0.114 

Liquid Hold-up 
From reflux rotameter to entrance to fourth plate...... 340 ce. 
From bottom’ of ‘column to kettle@.) = ee eee 160 
From<product-rotameter to kettles...) a0n eee 160 
Brom: condenser tossight-boxs...) 04 ce ee eee 130 
Reniainder in piping:..3 0. ee ee 330 
Ski} Co renee tte ee ee Oe 1120 ce 

Hold-up in sample-wells and sampling lines: 

Liquid leaving: firstaplate a... 5 sneer 210 cc. 

Liquid:leaving second) plate... 2. eae 320 

Liquid: leaving third: plate. 7s a. cae eee 330 

Ligquid-leaving fourth: plate ya50- ssi aner eee 330 

Liquid: at: reflux entrancess.). ase 520 

Total 1710 
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Sanzole Therr7ocowole 
Wel/ \ ey 


4. 


Secrior? A Section B 


Fig. 4. Puatre Deraits 


The column, dimensions of which are given in the foregoing and 
the significant plate details of which are shown in Fig. 4, was con- 
structed entirely of cold-rolled copper sheet, No. 19 standard gage. 
The four plates were built as separate units and mounted, by “‘sweat- 
ing’ or soldering, within the shell of the column at spacings of 11 in. 
The first plate was placed 10 in. above the bottom of the column, 
while the distance between the top and the fourth plate was 16 in. 
The plates were identical and arranged in the customary manner, 
allowing the liquid on the second and fourth plates to flow in a 
direction opposite to that on the first and third. The vapor from 
the still entered the column through an opening in the side, 5 in. 
below the first plate, and passed upward through the bubble-cap 
and vapor space of each successive plate. The vapor left the column 
through a 2-in. standard pipe and entered the condenser at a point 
41s ft. above the top of the column. The vertical length of the vapor 
_ line was fitted with a centered 43-in. length of }9-in. copper steam 

pipe, which served to slightly superheat the vapor and prevent par- 
tial condensation between the column and the total condenser. In 
order to insure uniformity of vapor flow and to prevent mixing of 
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the vapor and liquid phases outside the region of the bubble-caps, 
vertical partitions were erected between the plates. These were 
slotted at the top to provide for pressure equalization and at the 
bottom to allow for unhindered liquid flow. The vapor path was 
then only 5 in. by 5 in. in maximum cross-section, as compared with 
the overall inside dimensions of the column, 9 in. by 5 in. After 
passing through the reflux heater the liquid entered the column at 
the top plate, flowed from plate to plate, and left the column at 
the bottom to return to the kettle. After entering each plate through 
a down pipe from the plate above, the liquid passed first over a 
high dam which provided the necessary liquid seal or well, then 
under the partition, around the bubble-cap, which effected the vapor— 
liquid mixing, under the opposite partition, over the low dam or weir, 
and into the down pipe. 

Each plate was provided with a drain, while liquid samples 
could be drawn from the wells at the bottom of each down pipe and 
at the reflux entrance. In order to obtain samples of vapor entering 
each plate and leaving the column, an open-ended tube was in- 
stalled immediately below the center of each bubble-cap and at a 
centered point 11 in. above the top plate. To prevent the contamina- 
tion of the vapor samples with droplets of liquid which might enter 
the sampling tubes, each tube was curved downward within the 
column, and its opening was fitted with a tubular screen. Each 
liquid well was provided with an open-ended thermocouple tube. 
Sight-glasses, 35g in. in diameter, were mounted on opposite sides 
of the column between the second and third plates to provide a means 
for observation of the distillation process and of the action of the 
bubble-cap. 

The vertical, water-tube, total condenser consisted of an 8-in. 
standard steel pipe shell, 24 in. long, and was provided with 31 cop- 
per tubes, 34 in. in outside diameter and 18 in. long, rolled into steel 
tube sheets or end plates. The ends of the condenser shell were 
closed with gasketed and bolted steel plates. The vapor inlet was 
fitted with an open-ended thermocouple well, and the condensate 
outlet was vented and connected to the sight-box through 34/¢-in. 
copper tubing. 

The sight-box, to which the condensate passed before being 
metered, consisted of a closed cylinder of brass pipe, 4 in. in outside 
diameter and 10 in. long, mounted vertically at about the same level 
as the bottom of the condenser and directly above the rotameters, 
providing a fluid head of 4 ft. above the top plate. It was fitted 
with a gage glass, an atmospheric vent and, as safety measures, a 
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mercury manometer and a 14-in. copper overflow tube which led to 
areservoir. The sight-box, by providing a necessary vent and damp- 
ing chamber, aided in maintaining a smooth flow of condensate and, 
at high rates of distillation, gave visual warning when the liquid 
return lines, of 3g-in. standard pipe, were being overloaded. 

The condensate, after leaving the sight-box, was separated into 
two streams, reflux and product. The proportioning of the streams 
was controlled by means of two needle valves, and the rates of flow 
were measured by rotameters. Thermometers were inserted in both 
lines to indicate the temperature of the liquid streams entering the 
rotameters. 

After passing through a 3¢-in. standard pipe U line and im- 
mediately before entering the rectifying column at the top plate, 
the reflux was heated to a temperature just below its boiling point 
by passing upward through the copper coil (14 in. in outside diameter 
and 7 ft. long when extended) of a vertically-mounted steam pre- 
heater, the shell of which consisted of a capped 20-in. length of 3-in. 
standard pipe. A thermometer was inserted at the top of the coil 
to indicate the temperature of the reflux entering the column. The 
product stream was led directly to the kettle after passing through 
a 3¢-in. standard pipe U line. 

The sample cooler consisted of a rectangular, galvanized sheet 
steel water tank, 9 in. by 6 in. by 30 in., mounted vertically and as 
close as practicable to the column. Each of the vapor and liquid 
samples was drawn from the column and led through the cooler 
through a minimum length of 34,-in. copper tubing to a vented, 
stoppered vial, attached to a needle petcock. 

The steam required for the operation of the kettle, the reflux 
heater, and the vapor superheater was drawn from a high-pressure 
(100 lb. per sq. in.) line and reduced to suitable low pressures through 
steam regulators. 

Each of the copper-constantan thermocouples which were in- 
stalled to measure the temperature of the liquid in the kettle, enter- 
ing the top plate and leaving each of the four plates, and the tem- 
perature of the vapor entering the column and entering the con- 
denser, was connected through a switchboard to a common ice-water 
cold junction and a portable potentiometer. 

The entire apparatus was well insulated to prevent heat losses 
and to make the experiments less sensitive to variations in external 
conditions. The kettle was covered with 2-in. magnesia pipe lagging, 
and the column was completely insulated (except for the sight- 
glasses) with 2-in. magnesia blocks. The latter precaution was es- 
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sential to insure the constancy of the reflux ratio throughout the 
column——unchanged by partial condensation from plate to plate. 
The reflux heater, the vapor line from column to condenser, and all 
the pipe lines which carried steam, vapor, or hot liquid were lagged 
with standard 1-in. magnesia covering. 


6. Procedure.—Three sets of runs were made, covering almost the 
entire composition range of the binary system, ethyl alcohol-water. 
Each set of runs comprised three groups of reflux ratios (reflux to 
total vapor): 1:1, 2:3, and 12. The number of runs in the 
groups L/V=1 varied from 11 to 15, while the groups L/V=% 
and 14, contained 7 to 15 individual runs. In general, the first run 
of each group was made at the lowest possible rate of distillation, 
and each succeeding run was made at a greater rate until the capacity 
of the liquid return lines was reached. In this way the superficial 
vapor velocity was varied, in fairly regular increments, from 0.2 to 
3.0 ft. per sec. (based on the maximum cross-section of the vapor 
path through the column—25 sq. in.). An itemized list of the re- 
corded operating data follows. 


Recorded Data 


1. Time at start of steady state operation 
2. Time at start of sampling period 
3. Temperatures at start of sampling period 
(a) Liquid in kettle 
(b) Vapor entering column 
(c) Liquid leaving first (bottom) plate 
(d) Liquid leaving second plate 
(e) Liquid leaving third plate 
(f) Liquid leaving fourth (top) plate 
(g) Liquid on top plate 
(h) Vapor entering condenser 
Readings of reflux and product rotameters 
Temperature of condensate entering rotameters 
Description of bubble-cap action 
Barometric pressure 
Temperatures at end of sampling period (as in item 3) 
Time at end of sampling period 
Number of pycnometer for each vapor or liquid sample 
analyzed 
(a) Sample of liquid leaving first plate 
(b) Sample of liquid leaving second plate 
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(c) Sample of liquid leaving third plate 

(d) Sample of liquid leaving fourth plate 

(e) Sample of liquid entering fourth plate 

(f) Sample of liquid condensate 

(g) Sample of vapor entering first plate 

(h) Sample of vapor leaving first plate 

(i) Sample of vapor leaving second plate 

(j) Sample of vapor leaving third plate 

(k) Sample of vapor leaving fourth plate 
11. Gross weights of filled pyenometers 


In preparation for each set of runs, the apparatus was drained 
of the solution previously used, and the kettle was refilled with 10 
to 12 gallons of a mixture of the desired composition. Steam was 
admitted to one or more of the heating units of the still. When 
distillation had begun, the steam-pressure reducing and regulating 
valves were adjusted to give the desired rate, and the flow of con- 
denser water was set to maintain the condensate temperature as 
close as possible to 25 deg. C., the calibration temperature of the 
rotameters. Steam was admitted to the superheater in the vapor 
line from column to condenser and to the reflux preheater, which 
heated the reflux stream to within one or two degrees of its boiling 
point. The apparatus was operated for a period of two or more 
hours, during which only minor adjustments were required to main- 
tain the operation under steady conditions, as indicated by the sight- 
box, rotameters, thermometers, thermocouples, manometers, steam- 
pressure gages, and sight-glasses. The rectification process was con- 
tinued at a steady state for a minimum period of four hours, a time 
which preliminary experiments had shown to be sufficient to insure 
invariant conditions even at the lowest rates of distillation. At this 
point temperatures were recorded, and the operation was continued 
throughout the sampling period of from 114 to 2 hours; at the end 
of this period temperatures were read again to check on the constancy 
of the operation. In general, the two sets of temperatures showed no 
regular or significant differences. In every case the temperature of 
the vapor entering the column was equal to or slightly lower than 
that of the kettle charge, while the temperature of the vapor entering 
the condenser was always two or three degrees higher than that of 
the liquid on the top plate—indicating the absence of partial con- 
densation in the insulated vapor line. 

Five samples, in all, of liquid entering the column at the top 
plate and leaving each of the four plates were taken simultaneously 
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with five samples, in all, of vapor entering the bubble-caps of the 
four plates and leaving the column above the top plate. Not more 
than 125 ml. (25 ec. per sample) of condensed vapor was withdrawn 
from the column during the sampling period, at a maximum rate of 
0.3 ml. per min., while approximately 225 ml. of liquid samples (45 
ml. per sample), at an average rate of 0.5 ml. per min., was taken. 
Only the last 8 to 10 ml. of each sample was saved for the determina- 
tion of the composition of the liquid and vapor streams at the several 
selected points. The previously collected “wash” samples served to 
purge the sample tubes and lines, and were set aside, later to be re- 
turned to the kettle, together with the analyzed portions. When the 
sampling had been completed, the steam was shut off, and the column 
and kettle were opened to the air, in order to break the vacuum which 
followed the cooling and condensation of the vapors in the apparatus, 
and which might cause the collapse of the straight-walled column. 
The last sample taken was that of the condensate and was with- 
drawn from any convenient petcock in the return lines. The ap- 
paratus could now be prepared for the next run, and the samples 
analyzed. Sometime during the course of each run a reading of the 
barometric pressure was made, as required for the calculation of 
vapor rates. Whenever the interval between runs was long enough 
to allow the still charge to cool, a sample of liquid was withdrawn 
through the gage-glass petcock and its density determined by hy- 
drometry. Since this sample was always contaminated with rust and 
could not be analyzed accurately, it served merely as a check on the 
slow change of kettle composition with increasing rates of distillation. 

The compositions of the several samples were determined by the 
pycnometric method described by Langdon**. The necessary data 
for the densities of water and ethyl aleohol-water mixtures were 
found in Perry’s Chemical Engineers’ Handbook®, while the vapor— 
liquid equilibrium data of Bergstrém as given by Hausbrand®, were 
used in determining plate efficiencies. A re-tabulation of the data 
mentioned is to be found in the Appendix. 


7. Results——The principal results of this investigation are sum- 
marized in Table 1. Liquid and vapor compositions z, and Y,', as 
observed, were plotted as functions of vapor rate, and values were 
taken for tabulation by graphical interpolation at superficial vapor 
velocities (through the free vapor space, 25 sq. in. in cross-section) 
of 0.2, 0.6, 1.0, 1.4, 1.8, 2.2, and 2.6 ft. per sec. 

hough the Sse: eicenenen as derived from Rauations (3), 
(5), (7), (8), and (14), assumed constant molal reflux throughout the 
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Fic. 5a. Varor—Liquip EquiLisRiIuM RELATIONSHIP AND VAPOR 
SAMPLE CORRECTION CURVE 


Vapor-liquid equilibrium, 2 :0-28 
Vapor sample correction, Y*:0-28 


column, it was judged unnecessary to hold rigorously to this condi- 
tion in the present work. If, in the rectification of a binary mixture, 
the two components of the system have significantly different molal 
heats of vaporization, it is generally possible, as Peters* has pro- 
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Fic. 5b. Varor—Liquip EquinisriuM RELATIONSHIP AND VAPOR 
SAMPLE CoRRECTION CURVE 


Vapor-liquid equilibrium, x :18-46 
Vapor sample correction, Y* :18-46 


posed, to adopt one as a basis and assign adjusted values to the 
other. In this case the boiling-point and equilibrium relationships 
must be calculated on the basis of the fictitious molecular weight. 
However, an examination of the values® for the molal latent heats 
of ethyl aleohol (9410 cal. per g. mole at 78 deg. C., 8910 at 100 
deg. C.) and of water (9930 cal. per g. mole at 80 deg. C., 9700 at 
100 deg. GC.) indicates an extreme difference of 11 per cent [(9930— 
8910) /8910] and, in most cases, a difference of approximately 5 per 
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Fic. 5c. Varor—Liquin EquitisriuM RELATIONSHIP AND VAPOR 
SAMPLE CorRECTION CURVE 


Vapor-—liquid equilibrium, zx :44-72 
Vapor sample correction, Y* :44-72 


cent. Under the same experimental conditions of temperature range, 
‘the differences in the sensible heats of vapor and liquid and the heat 
of mixing on the several plates are negligibly small. The results of 
three runs (A-16, C-29, and B-12) made with no reflux indicate 
that the heat losses from the insulated apparatus were not appreci- 
able, since there was little enrichment of the vapor stream from plate 
to plate by partial condensation. 

Both the results of the runs at total reflux (in this case the com- 
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Fig. 5d. Varor—Liquip EquiLisriIuM RELATIONSHIP AND VAPOR 
SAMPLE CorRECTION CURVE 


Vapor-—liquid equilibrium, x:7084 
Vapor sample correction, Y* :70-84 


position of the liquid leaving each plate must be, by material balance 
under ideal conditions, the same as that of the vapor entering), and 
a comparison of the values for the composition of vapor leaving the 
top plate and the composition of the condensate indicated that a 
slight amount of enrichment by partial rectification occurred, in 
almost every case, in the vapor sampling tubes and lines. It was 
found that this sample enrichment was independent of the rate of 
distillation, indicating the absence of entrainment. The enrichment 
was, however, roughly proportional to the difference, y* — x, be- 
tween the composition of the condensed sample and its equilibrium 
vapor. It was then possible to develop the correction curve of 
Fig. 5, extended to the lower range of composition by extrapolation. 
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Fic. 9. “Liquip” Puate Erriciencigs, R = 1 


The corrected values of vapor composition Y,° are tabulated be- 
side the values as sampled, Y,°. The compositions of vapor yn* 
in equilibrium with the liquid zx, leaving each plate, and the values 
of liquid compositions z,* in equilibrium with the vapor Y,° 
leaving each plate, were taken from Table 5 (Appendix) and are 
also given in Table 1. From these data the overall Murphree plate 
efficiency in terms of vapor compositions, HE, =(Yn—Yn-)/(yn*— 
Y,-1), was directly computed for each case at the several vapor 
velocities and plotted in Figs. 6a, 7, and 8 as a function of liquid 
composition. 

Since the derivation of the local plate efficiency in terms of vapor 
compositions, H, as defined by Equation (14), assumed a linear 
vapor-—liquid equilibrium relationship over a short range of liquid 
composition, it was necessary to approximate this condition by 
adopting the arithmetic mean of the compositions of liquid entering 
and leaving each plate, as the basis for choosing the slope of the 
equilibrium curve m. Each of these average values of liquid com- 
position is given in Table 1, together with the corresponding value 
of m, as derived from Fig. 5, and with the experimental value of reflux 
ratio at the top plate, (L/V), or R. The values of local efficiency E 
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were calculated from Equation (14) and are plotted in Figs. 6b, 7, 
and 8 as a function of (arithmetic mean) liquid composition. 

The overall plate efficiency in terms of liquid compositions, Hy.= 
(Xn41 — tn) /(tn41 — 2n*), was computed directly from the data of 
Table 1 for each ease, and its values are tabulated therein. These 
experimental values of Z,, are also plotted for the three reflux ratios, 
L/V = 1, %, and W, in Figs. 9,10, and 11. The curves representing 
E,, as a function of liquid composition were derived from correspond- 
ing values of HZ, by means of Equation (8). The data for the curves 
are given in Table 2. In the case of rectification at total reflux, it was 
convenient for purposes of comparison to adopt, as a mean, the curve 
(Fig. 6a) at a superficial vapor velocity of 1.0 ft. per sec. 

In a similar manner curves representing local plate efficiency in 
terms of liquid compositions, #,, were derived by means of Equa- 
tion (7) from the curves of Fig. 6b (at a superficial vapor velocity of 
1.0 ft. per sec.) and of Figs. 7 and 8, which show E£ as a function of 
liquid composition. The values of H, thus obtained are given in 
Table 2 and the curves are plotted in Figs. 9, 10, and 11. 


III. Discussion or RESULTS 


8. General Discussion.—In order to make a comparison of overall 
Murphree efficiencies and local plate efficiencies for varying composi- 
tion, reflux ratio, and vapor velocity, curves were drawn as shown 
in Figs. 12 and 13. The data for these curves were taken from Figs. 
6, 7, and 8. 

It is apparent from these curves that both the overall Murphree 
efficiency in terms of vapor compositions, #,, and the local efficiency 
K vary markedly with composition of the liquid phase in the rectifi- 
cation of mixtures of ethyl alcohol and water. They are not, how- 
ever, greatly influenced by variations in the reflux ratio or in the 
superficial vapor velocity (rate of distillation). 

It was possible to study almost the entire range of compositions 
in fractionations at reflux ratios of two-thirds and one-half, but the 
characteristics of the vapor—liquid equilibrium curve prevented ex- 
_ perimental study at total reflux for liquid compositions below 10 to 
20 mole per cent alcohol. The upper curves in Figs. 12 and 13 for 
total reflux (L/V = 1) are reproduced from the curves of Fig. 6, 
which represent graphical averages of data (cf. Table 1), at a super- 
ficial velocity of 0.2 ft. per sec. The lower curves in Figs. 12 and 
13 are identical with those of Fig. 6 at velocities of 1.4 and 1.8 ft. 
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per sec. Since the data from Table 1 for rectifications at reflux 
ratios of two-thirds and one-half, when plotted as a function of the 
liquid composition (cf. Figs. 7 and 8), were closely grouped and 
manifested no significant or consistent variation with the rate of 
distillation, it was necessary to plot only two curves for each of 
these cases as graphical averages of the overall efficiency EH, and of 
the local efficiency HZ without regard to vapor velocity. These curves 
are also reproduced in Figs. 12 and 13 for purposes of comparison. 
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9. Overall Murphree and Local Plate E ficiencies.—It is to be noted 
that for reflux ratios of two-thirds and one-half, the value of the 
overall efficiency rises sharply from about 0 to 5 per cent to approxi- 
mately 80 per cent in the short range of liquid composition, 0 to 10 
mole per cent ethyl alcohol. In the same range the local efficiency 
reaches 50 per cent. The value of the overall efficiency remains near 
90 per cent in the range 10 to 60 mole per cent, while the local effi- 
ciency reaches the maximum of 70 to 75 per cent at about 50 mole 
per cent alcohol. The overall efficiency falls to approximately 60 
per cent at 80 mole per cent in the liquid, while the local efficiency 
drops to about 45 per cent. Even at total reflux, as indicated by 
Figs. 12 and 13, the overall efficiency and local efficiency follow 
similar trends, but are somewhat greater (5 to 10 per cent) in the 
range 20 to 80 mole per cent in the liquid. 

It must be remembered that neither the overall Murphree effi- 
ciency nor the local plate efficiency is a valid representation of plate 
performance. The truest values of plate efficiency LH,, lie in a range 
between those of the overall and local plate efficiencies. Kirsch- 
baum?! ?® has proposed a scheme for the computation of the true 
plate efficiency based on a mean liquid concentration. It is probable 
that the curves for the local plate efficiency represent more closely 
the trend of the ‘‘median”’ efficiency LH, than do those for the overall 
Murphree efficiency. 


10. Influence of Reflux Ratio and Vapor Rate-—The comparatively 
minor effect of variations in both reflux ratio and vapor velocity 
(rate of distillation) on plate efficiency agrees with the qualitative 
conclusions drawn from observations of bubble-plate operations. 
When a rectifying column is operated at moderate vapor velocities 
so that entrainment is absent, it is reasonable to expect that the 
actual performance of the plate should not be greatly influenced by 
variations in either the vapor rate or the reflux ratio. 


11. Plate Efficiencies in Terms of Liquid Compositions.—The con- 
cept of an overall plate efficiency in terms of liquid compositions, 


Foz = pees, which is easily computed from liquid and vapor 
Ao tae 
samples, has no theoretical basis separate from that of H, based on 
vapor compositions. Values of H,, may be approximated from cor- 
responding values of H, by means of Equation (8), as shown in 
Table 2, and in Figs. 9, 10, and 11. 
If values of Z,, are known for each plate, or computed from values 
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Fig. 15. PLate EFFIcIeENCIES AND PHYSICAL PROPERTIES OF 
Eruyt ALCOHOL-WATER MIXTURES 


of E,, they may be of practical use in calculations of plate column 
operations in which the change of liquid composition through the 
column is of greater interest. Moreover, greater precision in experi- 
mental determinations of plate efficiency may be possible if com- 
puted in terms of liquid compositions directly from vapor and liquid 
samples, whenever the change in liquid concentration on the plate is 
appreciably greater than the vapor enrichment through the plate, and 
when the ideal change in liquid concentration is correspondingly 
greater than the maximum vapor enrichment theoretically possible. 
The former condition will be true at reflux ratios less than one, while 
the latter will generally be significant at high concentrations and 
low reflux ratios. 

Ragatz, Nyland, Souders, and Brown! have pointed out that the 
computation of individual plate efficiencies is an inherently unsatis- 
factory procedure. The calculation involves the subtraction of two 
numbers which are, in general, of the same order of magnitude, and 
the subsequent division of the remainder by another value similarly 
derived. The calculated values of the efficiencies are therefore ex- 
tremely sensitive to errors in sampling and analysis as well as in the 
data for the vapor—liquid equilibrium relationship. : 

The lower curves of Figs. 9, 10, and 11 represent H, as a func- 
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tion of liquid composition, as derived from F according to Equa- 
tion (7), and are plotted from the computed data of Table 2, to be 
compared with the curves of the overall “liquid” efficiency E,,. The 
dip which occurs in each of the curves of Figs. 10 and 11 at about 20 
mole per cent is a result, primarily, of the rapidly decreasing value 
of m, the slope of the equilibrium curve (ef. Equation (7)). As E 
continues to increase and m remains fairly constant, H, again rises 
in value to about 70 per cent, falling off with # beyond 60 mole 
per cent. 


12. Influence of the Physical Properties of the Liquid.—The in- 
fluence of viscosity on the size of gas bubbles in contact with a body 
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of liquid has been reported by Schnurmann"™: ® for various mixtures, 
including those of ethyl aleohol and water. In these investigations 
a gas saturated with a liquid was forced through porous plates or 
capillary inlets into a liquid mixture, forming a mass of bubbles. 
In general, the size of the bubbles was independent of the manner 
~ in which they were introduced, even when formed by agitation of 
the liquid in a closed vessel, but depended consistently on the vis- 
cosity. The bubble size varied inversely with the viscosity, and a 
maximum in the viscosity—composition curve corresponded to a mini- 
mum in bubble size. The results of this study indicated that the 
surface tension of the liquid had no effeet on bubble size. 

In Fig. 15 are shown both the viscosity and surface tension of 


53 


PLATE FACTORS IN FRACTIONAL DISTILLATION 


‘OQ “Bop ‘7 oinyerodway, 


yal L¥'0 T'82 909 0 069 0 S69 0 $28 0 166° 0 LOU 1631 O8F T 00° O0T OOT 
9°61 €S°0 6°82 68¢°0 69 0 SE3"0 G0 'T OLZ'T 6oP T 109 'T 8h0°S 18° LL 06 
8°06 s¢°0 0°62 8490 8220 0660 IS 61g T 821 866° T €99'% 00°19 08 
0°26 09°0 L6L 969 0 180 FPO T 8ce'T PPL TI S60 SG 696° 896 '€ IZ LV OL 
CmCG 69°0 ¢°08 L6L°0 188 °0 601 'T 9SP'T 906'°T CEG SG Gh9 SG L8L°€ 16° 9 09 
GPG 89°0 cits 6€2°0 $060 9ETT GLV'T 100°% 89E°S CESS BLIP IL'8Z os 
1°S¢ 69 °0 8°18 9€2°0 606 0 Sel T 8lZV 1 L00°% L8E°G L98°G OLS F SPS cy 
0°96 69° 0 €°S8 ¥oL'0 188 °0 Oia Scr T66°T PLES L98°@ cce'y 89° 0% OF 
£°86 c¢c'0 8° E38 ZL9°0 9280 80 T ece'L 6F8 T £06 019°% c60'F Gert 0€ 
Go. Ee 6F 0 0°98 9090 8él'0 968 0 PPI 6&9 T 808 1 891° SEG § T6'8 0G 
at 2 vi\e ¢ 16 60S 0 609 °0 ScL 0 968 °0 oth 8ée 1 8rS T COL 'S 9L'F OL 
LE eta } 
F°09 F8S 0 L1€°0 Lge. 0 90% 0 69F 0 6FS 0 9¢9°0 1080 68 0 Sool 80€ T 00°0 Toye MA 
06 08 OL 09 0g OF 0€ GS 0@ OL 
QA an x M 


SHUALXIPY UALVM—IOHOOTY TAHLY FO NOISNGT, GOVAYNG UNV ALISOOSTA 


ainjeieduisy poyeoipul ye = 
(3H “UTM 091) spmbry Jo utod surpiog 4 
sydiosqng 


“Sly JO) ‘sestodiyue0 ‘s;pmbI] Jo AqISsOoOsIA 
ZOE ay pes IAM gees : 5 


‘wo ied soudp ‘;,pmbi] Jo uotsue, sdvjins 


91NyepOUIUIO NE 


@ Gav, 


joyoo|s gueo sed ajour ‘pmb jo uorytsoduroo 
joyoore quedo red 4yysIeM ‘pmbry Jo uorytsoduroo 
°° “Sep ‘amn4yerodure4 


o> 


~Reoa 


54 ILLINOIS ENGINEERING EXPERIMENT STATION 


ethyl aleohol-water mixtures (at the boiling point) as functions of 
liquid composition. These curves were developed from the data of 
Table 3 and from Fig. 17. 

The formation of heavy froth or foam below the point of appreci- 
able entrainment has been considered by designers as a necessary 
condition in order to maintain high plate efficiencies. The increase 
in total area of vapor—liquid contact with greater depths of foam 
may be considered a primary result of the increased proportion of 
surface area to volume of vapor, with decreasing bubble size. If, as 
has been suggested, the greater part of the material transfer in plate 
rectification occurs in the formation and breaking of vapor bubbles 
in the agitated liquid, the viscosity of the liquid should be an im- 
portant controlling factor insofar as it affects the size of vapor bubbles. 

A comparison of the trend of the viscosity—composition relation- 
ship of Fig. 15 with that of the two efficiency curves gives partial 
confirmation to these tentative conclusions. If the curves of H, and 
E are considered as limiting the range of the ‘“‘median”’ efficiency £,,, 
the value of the latter may be expected to reach a maximum at about 
the same value of liquid composition as does the viscosity—in this 
case between 20 and 40 mole per cent alcohol. 

Figures 6, 7, 8, 12, and 13 indicate that low plate efficiencies 
exist at the extremes of the composition range where the maximum 
available diffusional driving force, yX — Y,_4, is small (cf. Figs. 1 
and 5). This rapid decrease in Murphree efficiency at very low and 
at high concentrations of ethyl alcohol cannot be definitely at- 
tributed to the influence of liquid composition (or its physical 
properties) because of the lack of precision inherent in plate effi- 
ciency computations, as has previously been noted!. 


IV. SUMMARY 


A study has been made of the fractional distillation of ethyl al- 
cohol-water mixtures in a bubble-cap column of four plates, operated 
without entrainment at superficial vapor velocities, w=0.2 to w=3 
ft. per sec., and at reflux ratios, L/V = 1, 24, and \%. 

The determination of plate efficiencies, by direct computation 
from compositions of both vapor and liquid samples, has been shown 
to be both experimentally practicable and valuable in theoretical 
studies. 

Both the overall Murphree H, and the local plate efficiency E, 
in terms of vapor compositions, vary markedly with liquid composi- 
tion over its entire range, but are not significantly affected by varia- 
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tions in reflux ratio or in the rate of distillation. In general, the 
value of the overall Murphree efficiency rises sharply from 0 to 5 
per cent to approximately 85 per cent in the range of liquid composi- 
tion, 0 to 10 mole per cent alcohol; it varies between 80 and 100 per 
cent from 10 to 60 mole per cent alcohol, and then decreases to about 
60 per cent at 80 mole per cent alcohol. The local plate efficiency 
increases to 70 to 80 per cent at 40 to 50 mole per cent alcohol, and 
then decreases to about 50 per cent at 80 mole per cent alcohol in 
the liquid. 

The corresponding efficiencies in terms of liquid compositions, 
Lz and H,, which are frequently of practical interest, have also been 
calculated and are compared with the ‘‘vapor’’ efficiencies. 

A comparison has been made between the efficiency curves and 
the curve representing the change of viscosity with liquid composi- 
tion. The similarity of trend of the two curves indicates that the 
maximum plate efficiency may occur in this particular system (ethyl 
aleohol—water) at the point of maximum viscosity. 

The apparent conclusion, that the low plate efficiencies found at 
the extremes of the concentration range (where the available dif- 
fusional driving force is small) is due to the influence of liquid com- 
position, is not justified because of the lack of precision inherent in 
the calculation of the Murphree efficiency. 
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1. Physical Data for Ethyl Alcohol—-Water Mixtures.— 


ILLINOIS ENGINEERING EXPERIMENT STATION 


APPENDIX 


TABLE 4 


Puysicat Dara (Eray~t ALCOHOL-WATER) 


Nomenclature 


d = density in vacuo of ethyl aleohol-water mixtures* at 35 deg. C., g. per ml. 


d’ = density difference (for interpolation), g. per ml. 


t» = boiling point’ at 760 mm. Hg, deg. C. 
W =composition of liquid, weight per cent alcohol 
x = composition of liquid, mole per cent alcohol _ : 
Yw* = composition of vapor in equilibrium with liquid’, weight per cent alcohol 
Ww d d’ x Uw" to 
0 0.99406 0.00189 0.00 0.0 100.00 
1 217 186 0.39 10.5 98.88 
2 O31 182 0.79 18.5 97.88 
3 0.98849 aids 1.20 26.3 96.92 
4 672 171 1.60 31.2 96.05 
5 501 166 2.02 36.0 95.18 
6 335 163 2.44 39.8 94.34 
7 172 163 2.86 43.3 93.55 
8 009 163 3.29 46.3 92.83 
9 0.97846 161 3.72 49.2 92.13 
10 685 158 4.16 51.6 91.45 
11 527 156 4.61 53.6 90.82 
12 371 155 5.06 55.5 90.18 
13 216 153 5.52 57.0 89.57 
14 063 152 5.99 58.6 88.97 
15 0.96911 151 6.46 60.0 88.40 
16 760 153 6.93 61.2 87.85 
17 607 155 7.42 62.4 87.34 
18 452 158 7.91 63.5 86.86 
19 294 160 8.40 64.5 86.42 
20 134 161 8.91 65.5 86.03 
21 0.95973 164 9.42 66.3 85.70 
22 809 166 9.93 67.0 85.40 
23 643 167 10.46 yaw 84.90 
24 476 170 10.99 68.4 84.90 
25 306 173 11.53 69.0 84.68 
26 133 178 12.08 69.5 84.47 
27 0.94955 0.00181 12.64 70.0 84.27 
28 774 184 13.20 70.5 84.09 
29 590 187 13.77 70.9 83.91 
30 403 189 14.35 71.2 83.75 
31 214 193 14.94 71.6 83.60 
32 021 196 15.54 71.9 83.48 
33 0.93825 199 16.15 72.2 83.28 
34 626 201 16.77 72.5 83.12 
35 425 204 17.39 72.8 82.98 
36 221 205 18.03 73.1 82.84 
37 016 208 18.68 73.4 82.70 
38 0.92808 211 19.33 73.6 82.56 
39 597 212 20.00 73.8 82.43 
40 385 215) 20.68 74.0 82.30 
41 170 218 21.37 74.3 82.19 
42 0.91952 219 22.07 74.6 82.08 
43 733 220 22.78 74.9 81.97 
44 513 222 23.50 ome, 81.86 
45 291 222 24.24 75.4 81.76 
46 069 224 24.99 75.7 81.67 
47 0.90845 224 25.75 75.9 81.58 
48 621 225 26.52 76.2 81.49 
49 396 228 27.31 76.4 81.40 
50 168 228 28.11 76.7 81.31 
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Tasite 4—(CoNncLUDED) 


Puysicat Data (ErHyt ALcoHOL-WATER) 


ov 


Ww d d’ x Yw* tb 
51 89940 230 28.93 76.9 81.23 
52 710 231 29.76 idk 81.15 
53 479 231 30.60 77.3 81.07 
54 248 232 31.46 77.5 80.99 
55 016 232 32.34 77.8 80.91 
56 88784 232 33.23 78.0 80.83 
57 552 233 34.14 78.2 80.75 
58 319 234 35.07 78.4 80.67 
59 085 234 36.01 78.7 80.58 
60 87851 236 36.97 78.9 80.50 
61 610 236 37.95 (hai 80.42 
62 379 237 38.95 79.3 80.34 
63 142 237 39.97 US 80.26 
64 86905 238 41.01 WOK 80.18 
65 667 238 42.07 80.0 80.10 
66 429 239 43.15 80.3 80.02 
67 190 240 44.26 80.6 79.94 
68 85950 0.00240 45.39 80.9 79.87 
69 710 240 46.54 81.3 79.80 
70 470 242 47.71 81.7 79.72 
71 228 242 48.91 82.0 79.64 
72 84986 243 50.14 82.4 79.56 
73 743 243 51.39 82.7 79.48 
74 500 243 52.68 83.1 79.41 
75 257 244 53.99 83.5 79.34 
76 013 245 55.33 83.8 79.26 
77 83768 245 56.70 84.2 79.18 
78 523 246 58.10 84.6 79.10 
79 277 248 59.53 85.0 79.02 
80 029 249 61.00 85.5 78.95 
81 82780 250 62.51 86.0 78.87 
82 530 251 64.05 86.5 78.80 
83 279 252 65.63 87.1 78.72 
84 027 253 67.25 87.5 78.65 
85 81774 255 68.91 88.0 78.57 
86 519 257 70.61 88.6 78.50 
87 262 259 72.35 89.2 78.43 
88 003 261 74.15 89.8 78.37 
89 80742 264 75.98 90.5 78.30 
90 478 267 77.87 91.2 78.24 
91 211 270 79.81 Slt) 78.19 
92 79941 272 81.81 92.6 78.14 
93 669 276 83.90 93.4 78.10 
94 393 279 85.97 94.2 78.06 
95 114 283 88.14 95.0 78.04 
96 78831 289 90.37 78.04 
97 542 295 92.67 78.06 
98 247 301 95.04 78.08 
99 77946 305 97.48 78. 10 
100 641 ae 100.00 78.13 
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d = density in vacuo of ethyl alcohol—water mixtures at 35 deg. C., 2. per ml. 
d’ = density difference (for interpolation), g. per ml. 

= boiling point at 760 mm. Hg, 
composition of liquid, mole per cent alcohol 


ty 
x 
y* 
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TABLE 5 


PuystcaL Dara (EraHyt ALcono~r-WarTeEr) 


Nomenclature 


deg. C. 


composition of vapor in equilibrium with liquid, mole per cent alcohol 


(y*)’ = equilibrium vapor composition difference (for interpolation), mole per cent 
se d d’ y* (y*)’ te 
0 0.99406 0.00469 0.00 10.19 100.0 
1 0.98937 428 10.19 7.69 97.3 
2 509 396 17.88 5.83 95.2 
3 113 370 23.71 5.00 93.3 
4 0.97743 349 28.71 3.85 91.7 
5 394 334 32.56 3.10 90.3 
6 060 325 35.66 2.66 89.0 
7 0.96735 324 38.32 2.36 87.9 
8 411 324 40.68 2.08 86.8 
9 087 322 42.76 1.60 86.0 
10 0.95765 321 44.36 1.50 85.4 
11 444 321 45.86 1.18 84.9 
12 123 319 47.04 1.05 84.5 
13 0.94804 318 48.09 0.85 84.1 
14 486 318 48.94. 0.75 83.9 
15 168 316 49.69 0.61 83.6 

16 0.93852 315 50.30 0.60 83.3 
17 537 315 50.90 0.61 83.0 
18 222 313 51.51 0.53 82.8 
19 0.92909 312 52.04 0.38 82.6 
20 597 312 52.42 0.44 82.4 
21 285 311 52.86 0.57 82.2 
22 0.91974 308 53.43 0.55 82 
23 666 303 53.98 0.47 81 ‘9 
24 363 297 54.45 0.48 81.8 
066 294 54.93 0.40 81.7 
26 0.90772 0.00288 55.33 0.44 81.6 
o7 484 285 55.77 0.46 81.4 
28 199 278 56.23 0.36 81.3 
29 0.89921 277 56.59 0.33 
30 644 272 56.92 0.33 ae 
31 372 266 57.25 0.40 81.0 
32 106 262 57.65 0.38 80.9 
33 0.88844 256 58.03 0.31 
34 588 252 58.34 0.32 30 : 3 
35 336 248 58.66 0.44 80.7 
36 088 244 59.10 0.30 80.6 
37 0.87844 241 59.40 0.29 5 
38 603 236 59.69 0.30 30 os 
39 367 232 59.99 0.44 80.3 
40 135 228 60.43 0.42 80.3 
41 0.86907 224 60.85 0.13 ‘ 
42 683 221 60.98 0.41 Son 
43 462 216 61.39 0.41 80.0 
44 246 213 61.80 0.41 80.0 
5 033 210 62.21 0.47 79.9 
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TaBLE 5—(CoONCLUDED) 


Puysicat Data (ErHyt ALcoHoL-W ATER) 
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x d ‘da ye (y*)’ ty 
46 85823 207 62.68 0.54 79.8 
47 616 204 63.22 0.48 79.8 
48 412 201 63.70 0.40 LO 
49 211 197 64.10 0.50 79.6 
50 014 195 64.60 0.41 79.6 
51 84819 191 65.01 0.45 79.5 
52 628 186 65.46 0.49 79.4 
53 442 184 65.95 0.49 79.4 
54 258 183 66.44 0.37 79.3 
55 075 182 66.81 0.44 79.3 
56 83893 177 67.25 0.48 79.2 
Vf 716 175 Si73 0.47 79.2 
58 541 173 68.20 0.51 79.1 
59 368 170 68.71 0.47 79.0 
60 198 169 69.18 0.58 79.0 
61 029 165 69.76 0.56 79.0 
62 82864 164 70.32 0.57 78.9 
63 700 162 70.89 0.56 78.9 
64 538 159 71.45 0.66 78.8 
65 379 158 e221 0.58 78.8 
66 82221 0.00144 72.69 0.45 78.8 
67 066 153 73.14 0.53 78.7 
68 81913 153 73.67 0.53 78.6 
69 760 150 74.20 0.66 78.6 
70 610 149 74.86 0.63 78.6 
71 461 147 75.49 0.64 78.5 
q2 314 146 76.13 0.64 78.5 
73 168 143 Ona 0.63 78.4 
74 025 143 77.40 0.72 78.4 
75 80882 143 78.12 0.74 78.3 
76 739 140 78.86 0.72 78.3 
(ie 599 139 79.58 0.73 78.3 
78 460 138 80.31 0.72 78.2 
79 322 137 81.03 0.72 78.2 
80 185 136 81.75 0.73 78.2 
81 049 134 82.48 0.73 78.1 
82 79915 133 83.21 0.81 sel 
83 782 132 84.02 0.79 78.1 
84 650 131 84.81 0.79 78.1 
85 519 130 85.60 0.83 78.1 
86 389 129 86.43 0.80 78.0 
87 260 128 87.23 0.80 78.0 
88 132 127 88.03 ee 78.0 
89 005 DY fas al eA SA hs 78.0 
90 78878 26 ne i eerorven 78.0 
91 752 12 Gee || ee eee 78.0 
92 626 SO 5 | aces acts 78.0 
93 501 1S ie me earns (here al 
94 376 124 en |e ee tbense: 78.1 
95 252 TE he a ee 78.1 
96 128 HeBy Beye 78.1 
97 005 12280 Cle} Seow 78.1 
98 77883 1 CAD ame | el inne g Sarasa ty Peso 
99 762 TLR ap oe yok a: 78.1 
100 641 Soe LA hee Meera 78.1 
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